We explored the impact of the eye's higher-order aberrations on subjective refraction comparing two classes of methods for estimating refractive state, one based directly on the wave aberration defined in the pupil plane and another based on the retinal image plane. The method defined in the pupil plane chose the sphere and cylinder that either minimized the wave aberration root mean square or minimized the sum of all the spherical and cylindrical components in the wave aberration. The method defined in the image plane chose the sphere and cylinder that optimized an image-quality metric such as the Strehl intensity ratio, the entropy and the intensity variance of the point-spread function, the volume under the modulation transfer function, or the volume under the contrast-sensitivity function. All these methods were compared in a population of six eyes for which we measured both the wave aberration with a Shack-Hartmann wavefront sensor and the subjective refraction under identical conditions. Pupil plane methods predicted subjective refraction poorly. The mean absolute error of the prediction, in spherical equivalent, was about 
A number of objective techniques (retinoscopy, autorefraction, and photorefraction) can be used to measure the spherical and cylindrical refractive errors of the human eye. Because they are much faster than subjective refraction, they are attractive alternatives to performing a subjective refraction. Objective refraction is not only useful but often essential, for example, when examining young children and patients with mental or language difficulties. However, a major concern is whether these objective methods correctly estimate the best subjective refraction of the observer. The limitations of autorefractors in accuracy and repeatability are well known. For example, there are discrepancies between autorefractive and subjective measurements, 1 especially with astigmatism 2 or when the degree of ametropia is large. 3 In general, patients prefer the clinician subjective refraction to autorefraction. 4 Also, retinoscopy and autorefraction usually disagree to some extent. 5 The eye has higher-order aberrations beyond defocus and astigmatism, 6 -12 and one possible reason for the lack of agreement between subjective and objective methods is that some objective methods may not properly take higher-order aberrations into account. For example, it has been shown that there can be a significant degree of uncertainty in photorefraction measurements when the spherical aberration of the eye is considered. 13 Aberrations also influence the retinoscopic measure. 14 An increase with age of the error between subjective refraction and autorefraction has been found, 15 which could arise from the fact that higher-order aberrations increase with age. 16, 17 Some autorefractors may somehow incorporate the effect of higher-order aberrations by, for example, maximizing the contrast of a target imaged on the retina. However, it is more often the case that they base their estimate on a smaller pupil size than is used in the subjective refraction, which underestimates the role of higher-order aberrations.
Thus, there is a need to develop an objective method to estimate refraction that takes into account the effect of the eye's higherorder aberrations. These aberrations can now be measured quickly, accurately, and repetitively, for instance, with a Shack-Hartmann sensor. 18 This paper addresses the question of how to compute the subjective refraction from these wave aberration measurements. Such a method would be useful, not only for prescribing spectacles and contact lenses, but especially for refining refractive surgery, where the possibility to re-treat an eye is limited. In this article, we describe a procedure that calculates the combination of sphere and cylinder that optimizes different imagequality metrics based on the distribution of light in the computed retinal image. The method yields an optimum image that is correlated with the subjective best retinal image. Experimental results are presented that compare the subjective refraction in a population of subjects with the objective refraction showing the reliability and accuracy of the method.
Higher-Order Aberrations and the Eye's Refraction Pupil Plane Metrics
The diagrams in Fig. 1 show an example of the image formation by a myopic eye with and without higher-order aberrations. Without aberrations (Fig. 1a) , all the rays would focus on the paraxial plane, and then the refraction of the eye would be calculated from the spherical negative lens required to displace the focal plane to the plane lying on the retina. However, due to aberrations (Fig. 1b) , the rays passing through the edge of the pupil converge at a focus that is not coincident or even coaxial with the paraxial focus. This simple example shows how the distribution of rays in different planes produces images with different quality. The refraction of that eye should be the one required for displacing a plane of "best image" to the retina. Two well-known simple cases are the case of the least confusion plane for an astigmatic eye corrected only for defocus and the case of the extra focus required to best correct an eye that has spherical aberration. Similarly, other higher-order aberrations also play a role, affecting not only the focus correction but the correction of astigmatism as well. Thus, the best image is not necessarily achieved by correcting the defocus and astigmatism corresponding to the paraxial approximation, which neglects the effects of higher-order aberrations. A pertinent question is what constitutes a "best image." From geometric ray tracing, the answer is that the best image would correspond to a plane where the size of the spot is at a minimum. However, the spots determined geometrically do not accurately reflect the point-spread function (PSF), which must be calculated based on the aberrated wavefront and the diffraction of the light at the exit pupil. The distribution of light in the actual optical image is usually very different from the image predicted geometrically.
Another candidate for the best image plane is the plane where the root mean square (RMS) of the wave aberrations is minimum. The higher-order aberrations may be combined with lower-order aberrations, which is known as "balancing." One of the main properties of the popular Zernike polynomials is that they represent balanced aberrations. Second-order polynomials, Z 2 0, Ϯ2 , represent defocus and astigmatism. For instance, spherical aberration is balanced with defocus in the Zernike term Z 4 0 ; the terms Z 4 Ϯ2 are balanced with astigmatism, etc. The aberration balancing may lead one to assume incorrectly that a minimum RMS of the aberrated wavefront produces the best image. Hence, the RMS of the wave aberration is commonly used as a measure of how aberrated an eye is. A fact that has supported that use is that the RMS correlates, for small aberrations, with another popular metric also used as a criterion of image quality, the Strehl intensity ratio, defined as the ratio of the peak irradiance in the PSF to the peak irradiance in a diffraction-limited system. A large value of Strehl ratio indicates good image quality. For small aberrations, Strehl ratio and RMS of the wave aberration are inversely proportional: when the Strehl ratio is maximum, the RMS is minimum. Several equations have been derived to express this relationship 19 ; one of the best known is
where S is the Strehl ratio and is the wavelength. The eye's wave aberration is usually decomposed in the variance-normalized Zernike base after being measured:
(See Thibos et al. 20 for the double-index Zernike coefficient ordering). An advantage of that is that the RMS of the wave aberration can then be obtained easily from the Zernike coefficients as
Thus, any correction of the refractive errors of the eye could be determined by setting to zero the corresponding Zernike coefficients: c 2 0, Ϯ2 ϭ 0. But, again, the image analysis based on diffraction of the wavefront shows the failure in general of that idea. When aberrations are large, a maximum in Strehl ratio can be obtained with nonoptimally balanced aberrations 21, 22 (i.e., not a minimum in the RMS). More concretely, when the RMS of the wave aberration is larger than about 0.15 wavelengths, Equation 1 is no longer valid. In comparison, the value for example of the spherical aberration of the normal average eye is 2 to 4 wavelengths for a pupil diameter of 6 mm. Thus, the sphere and cylinder required to prescribe refraction and achieve the best image quality can not be obtained in general from the assumption of minimum RMS.
FIGURE 1.
a: Schematic of a myopic eye with no higher-order aberrations, and distributions of light at the paraxial plane and at both sides of it. b: Myopic eye with higher-order aberrations. In this case, the images do not have a symmetrical distribution. We have discussed above two possible methods to estimate the refraction of the eye from wave aberration data. In the paraxial approximation, one extracts the total defocus and astigmatism from the wave aberration. By minimizing the RMS, one uses the values of balanced defocus and astigmatism. However, any consideration about image quality should be done using diffraction analysis. In the next section, we describe a superior method to obtain the eye's refraction by calculating the optimum image quality given the wave aberration of the eye.
Optimization Procedure and Image-Quality Metrics
Our computational procedure calculates the refraction based on the optimum value of an image-quality metric that describes retinal image quality. The procedure executes a search in a threedimensional space, finding the values of sphere, cylinder, and axis of the correcting lens that give the optimum value of the metric.
Let WA eye be the wave aberration of the eye, in Zernike polynomials:
where Z n m are the Zernike polynomials and c n m , the Zernike coefficients. Let WA lens be the wave aberration of the prescribed lens that corrects the eye's defocus and astigmatism:
The wave aberration of the corrected eye will be
where b 2 0 ϭ c 2 0 ϩ a 2 0 , b 2 2 ϭ c 2 2 ϩ a 2 2 , and b 2 Ϫ2 ϭ c 2 Ϫ2 ϩ a 2 Ϫ2 . The image-quality metric computed from this wave aberration must be optimum.
We tested several image-quality metrics, some of them in the spatial domain based on the PSF and others in the Fourier domain based on the modulation transfer function (MTF). The PSF may be interpreted as the retinal image of a point source. The more compact the PSF, the better the retinal image quality. The MTF characterizes the ability of the eye to form sharp images of a grating. The higher the MTF, the higher the contrast in the image of the grating. Below is the description of the different metrics (see Fig. 2 for a schematic).
In the Spatial Domain of the PSF

The Strehl Ratio, or Peak Value of the Normalized PSF.
The generalized pupil function, P, is first calculated as P ϭ p ϫ exp͓i(2/)(WA lens ϩ WA eye )͔
where p denotes a circular pupil aperture with a unit amplitude function. The PSF is calculated as the squared modulus of the Fourier transform of the generalized pupil function:
We did not consider the Stiles-Crawford effect, but this can be incorporated into the pupil function by using a Gaussian model for the pupil aperture, p. In any case, we have previously verified that the Stiles-Crawford effect is practically negligible in the computed PSF.
The Entropy of the PSF. The entropy is mathematically calculated as follows:
where (x,y) indicates the position (pixels) and log is the decimal logarithm. This metric is a measure of the spatial variance of the PSF, i.e., a measure of how the energy is distributed in the image. The aberration-free PSF has the minimum entropy. Aberrations increase the entropy. 23 The Intensity Variance of the PSF. The intensity variance of the PSF is calculated as the average value of squared PSF minus the average PSF squared:
In the Fourier Domain
The Volume of the MTF between 0 and 60 cpd. The MTF is the modulus of the Fourier transform of the PSF (alternatively the autocorrelation of the generalized pupil function):
The Volume of the Contrast Sensitivity Function (CSF). The CSF is calculated as the product of the optical MTF and the neural contrast sensitivity function, 24 NCSF:
The independent variables for the three-dimensional search were the coefficients b 2 0 , b 2 2 , and b 2 Ϫ2 . The starting point was de-
Schematic of the different image-quality metrics for the optimization method.
termined by the criterion of minimum RMS of the WA (i.e., b 2 0 ϭ b 2 2 ϭ b 2 Ϫ2 ϭ 0), not by the subjective refraction. To avoid local maxima we used an exhaustive method of search of the tridimensional space. The search ran in steps of the parameters b 2 0 , b 2 2 , and b 2 Ϫ2 that corresponded to 0.05 D and 5°for the axis. The extremes of the search intervals were chosen far enough apart to ensure that the maxima identified were global maxima.
The derivation of the sphere and cylinder from the Zernike coefficients that made optimum the image-quality metric will now be described. The WA lens in the Seidel form is
where is the normalized radial distance from the axis, is the azimuthal angle in the pupil, and a indicates the axis of the astigmatism. The sphere (S) and cylinder (C), in D, of the correcting lens is
where r 0 is the radius of the pupil that the WA describes. We have the following relationship between Zernike coefficients and Seidel coefficients: 
Experiment
To find out whether a metric performs better than the others, we carried out an experiment consisting of measuring the subjective refractions in a sample of eyes and comparing them with the objective refractions calculated from the wave aberration data. See Fig. 3 for a schematic of the experiment.
METHODS
Measurements were obtained in six normal young subjects. Subjects were selected after an ophthalmological examination that confirmed no pathology and normal visual acuity. Subjects ranged in age from 23 to 35 years (mean Ϯ SD, 29 Ϯ 4 years). Refractive errors ranged from Ϫ1.75 to Ϫ4 D for sphere (Ϫ3.3 Ϯ 0.8 D), and from 0 to Ϫ1 for astigmatism (Ϫ0.6 Ϯ 0.4 D). The eye's pupil was dilated and the accommodation paralyzed by instilling two drops of cyclopentolate 1%, 5 min between drops. The study followed the tenets of the Declaration of Helsinki, and signed informed consent was obtained from the every subject after explanation of the nature and possible consequences of the study.
We measured the wave aberrations with a Shack-Hartmann wavefront sensor 25 (221 lenslets, lenslet spacing ϭ 0.4 mm, and focal length ϭ 24 mm). A 790-nm infrared superluminescent diode serves as a beacon, forming a point source on the retina. Light reflected from the retina emerges through the eye's pupil as an aberrated wavefront. The eye's pupil is conjugate with the lenslet array of the sensor, which forms the Shack-Hartmann image. From that image, the wave aberration is determined. An artificial pupil of 6 mm in diameter was used. We measured the aberrations for a 6-mm-diameter pupil to the sixth radial order (28 Zernike coefficients). The error corresponding to axial chromatic aberration from 790 to 570 nm was added to the term of defocus in the wave aberration.
To obtain the subjective refraction, the best vision sphere was first determined with a Snellen chart at 6 ft. Then the astigmatism was measured by means of a fan chart and the fogging method. This first estimation of the refraction was then refined by means of a Snellen chart displayed on a cathode ray tube that the subject viewed through the optics of the experimental system with the 6-mm pupil. The end-point criterion for determining the final subjective refraction consisted of achieving the maximum visual acuity. The spherical and cylindrical power adjustments were made in step sizes of 0.25 D. The subjective refraction was always monocular.
After the subjective refraction, the determined correction was kept in front of the eye by means of spherocylindrical trial lenses. Thus, the measured wave aberration is that of the eye plus that of the correcting lens. If the correct metric is used, the wave aberrations measured in those conditions should directly yield a computed image quality that is optimum or close to the optimum because the eye's aberrations are measured after the correction of defocus and astigmatism. Any possible aberrations in the trial lenses are taken into account with this experimental procedure. Fig. 4 shows the average error from the six eyes between the subjective and the objective refraction (in spherical equivalent), for the five image-quality metrics and for the two pupil plane metrics. Schematic of the experiment performed in six eyes to determine whether the image-quality metric optimization is adequate to estimate subjective refraction. An infrared superluminescent diode (SLD) serves as a beacon, forming a point source on the retina. Light from the retina emerges through the eye's pupil as an aberrated wavefront. The eye's pupil is conjugate with the lenslet array of a Shack-Hartmann sensor, which forms the Shack-Hartmann image. From that image, the wave aberration is determined. The subjective refraction is measured by projecting a Snellen chart through the system for the same experimental conditions. The refractive error is corrected with spherocylindrical lenses before measuring the wave aberration.
RESULTS
Predicting Refractive Errors from Wavefront Aberration Data-Guirao & Williams 39
On average, the error when one uses the methods based on the pupil plane (either, the minimum RMS criterion or the paraxial approximation) was about 0.5 D (range, 0.1 to 0.8 D). By optimizing the image-quality metrics, the error between subjective and objective refraction was 0.1 Ϯ 0.08 D (range, 0 to 0.25 D). This error was lower than the smallest step size (0.25 D) typically used in prescribing spectacles and contact lenses. There was no significance difference between the five image-quality metrics.
For the pupil plane methods, the error estimating the subjective refraction is dependent on the eye's higher-order aberrations. Fig. 5 shows the error for each eye between the subjective and the objective refraction, estimated by means of the two pupil plane methods, as a function of the RMS of the wave aberration of each eye (without including defocus and astigmatism). The error increases when the amount of higher-order aberrations increases. This is expected for the method based on the paraxial approximation because it directly neglects the effect of higher-order aberrations. But we also see that the minimum RMS is not a good indicator of the best image quality. This is because the method based on the minimum RMS criterion takes into account the higher-order aberrations in the pupil plane, not in the image plane, and the mathematical transformation (based on Fourier transforms) from one plane to the other often produces results that are not intuitive.
Test of the Method in a Large Population of Eyes.
To test further the reliability of the method, we compared the objective refraction calculated by image-quality optimization and the subjective refraction in a large population of subjects. We used the wave aberration data previously measured 12 in a population of 146 eyes from 73 normal subjects. Subjects ranged in age from 24 to 66 years (mean, 45 Ϯ 10). The aberrations were measured with a Shack-Hartmann sensor for a pupil 5.7 mm in diameter to the fifth radial order with natural accommodation. The Shack-Hartmann sensor had a total of 57 lenslets (spacing ϭ 0.6 mm and focal length ϭ 40 mm). Aberrations were measured at 780 nm. The clinical subjective refraction was available for each eye. This refraction was binocular. Refractive errors ranged from Ϫ10.75 to 4.25 D for sphere (mean, Ϫ3 Ϯ 3 D), and from 0 to Ϫ4.25 for astigmatism (mean, Ϫ0.5 Ϯ 0.75 D). Fig. 6a shows the correlation between subjective spherical equivalent (sphere plus half the cylinder) and the objective spherical equivalent calculated by metric optimization. (The results shown are for the optimization of the Strehl ratio, but there was no significant difference for the other metrics.) The correlation coefficient was close to one (r 2 ϭ 0.98). The average error across the 146 eyes between subjective and objective refraction in spherical equivalent was 0.4 Ϯ 0.5 D. Fig. 6b shows the correlation between the subjective and the objective cylinder (r 2 ϭ 0.87). The average error in the estimated cylinder was 0.2 Ϯ 0.3 D. Fig. 6c shows the same correlation for the axis of the cylinder (r 2 ϭ 0.89). The errors for the whole population were Ͻ1 D for sphere and Ͻ0.5 D for cylinder. Fig. 7 shows the error between subjective and objective refraction as a function of the eye's aberrations. Fig. 7 a and c correspond to the estimation of objective refraction by using pupil plane methods, and Fig. 7 b and d correspond to the optimization method using image-quality metrics. When the pupil plane methods are used, both the spherical equivalent and the cylinder show systematic errors that correlate with the higher-order aberrations. With image-quality optimization, there is no correlation between the error in the refraction and the aberrations.
DISCUSSION
We showed how the amount of sphere and cylinder required to correct vision is different from both the amount that minimizes the Average error across six eyes between subjective and objective refraction. Objective refraction was calculated by using two pupil plane methods (paraxial approximation and minimum root mean square [RMS]) and by optimizing five different image-quality metrics.
FIGURE 5.
Error between subjective and objective refraction in each of six eyes for the two pupil plane methods, as a function of the root mean square (RMS) of the wave aberration of each eye (including only higher-order aberrations).
FIGURE 6.
Correlation between the clinical subjective refraction and the objective refraction in a population of 146 eyes for the spherical equivalent (a), for the cylinder (b), and for the axis of the cylinder (c). The objective refraction was obtained by image-quality metric optimization.
RMS of the wave aberration and the total amount in the wave aberration. Thus, methods that use the coefficients of the wave aberration (i.e., based on the pupil plane) fail in predicting the eye's refraction. The error in the prediction increases when the amount of higher-order aberrations increases, indicating the need to consider the role of higher-order aberrations. Although the minimum wave aberration RMS criterion involves balanced aberrations, we have shown that it is not the best metric for the typical amounts of aberrations in the human eye.
On the other hand, we have proposed an objective method based on the optimization of retinal image quality and demonstrated that it performs well in predicting the subjective refraction of the eye. The experiment performed on six subjects showed that the error between predicted and subjective refraction can be as low as 0.1 D when the subjective and the objective refraction are obtained under identical experimental conditions. In the large population of 146 eyes, we found excellent correlation between subjective and objective refraction, either for sphere, cylinder, or axis. There is, however, some variability with the average error between subjective and objective refraction being 0.4 D for sphere and 0.2 D for cylinder. We attribute these larger errors to several factors. First, it should be noted that the wave aberrations were measured in this large population with natural accommodation and for a 5.7-mm pupil. Although a fixation target was used, small fluctuations of the accommodation may increase the experimental error. It is also likely that subjective refractions were performed for pupil sizes other than 5.7 mm. Another possible factor could be that whereas the WA measurements took into account the possible aberrations of the correcting lenses in the sample of six subjects, this was not the case in the measurements of the aberrations in the large population. Finally, whereas the subjective refraction was monocular and the end-point criterion consisted of reaching the maximum visual acuity (comparable with a maximum in the metric) in the prospective study in six eyes, in the large population, the refraction was binocular and the end-point criterion likely was not the maximum visual acuity but perhaps consisted of reaching the 20/20 line.
Although vision performance ultimately depends on the combination of optical and retinal and neural factors, it seems from our results that the optimization of the retinal image taking into account only the optics of the eye is an accurate method to predict the refractive errors of the eye. In other words, the best objective image quality closely corresponds to the best subjective image quality in terms of refraction. It is important to note that the vision task that we have evaluated is the subjective refraction based on the subjective quality and recognition of letters. However, the present results do not guarantee that retinal image optimization will correlate with the best performance for other visual tasks.
A goal of our study was to find an adequate metric that describes image quality and allows us, by means of its optimization, to predict the subjective refraction. We tested a number of these metrics both in the spatial and in the Fourier domain and found no significant difference between them. It has sometimes been debated whether the Strehl ratio is a good indicator of image quality for the eye. When the Strehl ratio falls to low levels, the extent and the shape of the PSF could become more important than its peak value. 26 In addition, any increases in the Strehl ratio associated with optimization of spatial frequencies in the MTF above 60 cpd would not be relevant for vision because of the limitations of receptoral and neural factors. 27 Finally, the PSF may have several peaks that would make a metric based on the Strehl ratio ambiguous. It happens, however, that for the distribution of aberrations of the human eye, the MTF is very small above 60 cpd, so both the Strehl ratio and the volume of the MTF are robust metrics. Additionally, the similarity of using the volume of the CSF or the volume of the MTF indicates no significant effect of the neural transfer function on the best subjective refraction. With respect to the intensity variance of the PSF, the larger the variance, the sharper the PSF. The entropy of the PSF is a measure of the spatial variance or spread of the PSF. The lower the entropy, the more compact and sharper the PSF. Thus, the correlation between Strehl ratio, variance, and entropy is expected. Although not presented here, we also tested as an image-quality metric the encircled energy that falls within an area corresponding to the Airy disk. The results were similar to those with the other metrics. In sum, we proposed several image-quality metrics, which must be optimized to find the refraction of the subject, and found that all of them correlated well and are equally reliable. It seems likely that additional experiments with greater statistical power will be able to distinguish between these metrics. Additional experiments that involve a wider variety of visual stimuli and an assessment of subjective image quality rather than merely optimizing it may reveal interesting differences between image-quality metrics. Nonetheless, it is of some interest that if differences do exist, they are not large enough to affect this particular task.
As a practical application, wavefront sensors that capture the complete wave aberration of the eye can improve objective refraction by using image plane metrics to incorporate the effect of higher-order aberrations. One of the advantages of refracting the eye from wavefront sensing instead of an autorefractor is that the refraction can be computed for any desired pupil size. Wavefront sensors provide the complete information on the optics of the eye and can tailor the prescription for the patient's pupil size. The cost in time of performing metric optimization is not large. Commercial computers of about 1 GHz can make the PSF and image metric calculations in 1 to 10 s (depending on the amount of aberrations).
The optimization of an image-quality metric allows not only an estimation of the subjective refraction, but also a simulation of scenes that the subject would see after a best correction of defocus and astigmatism. Of course, there are retinal and neural factors that will ultimately affect the perceptual experience of the observer. However, these computational simulations provide at least an estimation of what will optimize vision as well as a view of how much vision improves when the refractive errors of the eye are corrected. In Fig. 8 , there is a series of simulated images in white light after correcting a typical eye with the refraction calculated with the pupil plane methods (Fig. 8 a and b) and with the prescription obtained with the image-quality optimization (Fig. 8c) . The comparison of the three images shows that the optimization of imageplane metrics produces the least blurred image.
